The morphology of step structures on the CeO 2 ͑111͒ surface is studied by dynamic scanning force microscopy ͑SFM͒ operated in the noncontact mode. The surface exhibits hexagonal islands and pits of O-Ce-O triple layer height with steps mostly enclosing an angle of 120°. Atomically resolved images reveal that the ͑111͒ surface almost exclusively exhibits alternating steps having ͑110͒ and ͑001͒ facets. Kink sites and missing oxygen atoms at step edges are identified to be the dominating defective sites at step edges. It is demonstrated that low coordinated oxygen atoms at step edges can be removed by the scanning SFM tip.
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Oxide surfaces and metals dispersed on oxide supports are widely used in catalytic applications. 1 The catalytic reactivity is strongly related to surface defects, where oxygen vacancies and step edges play a most important role, specifically for nanoparticles used in catalysis. While many experimental and theoretical studies conducted on metal oxide surfaces have been focused on the structure and reactivity of surface oxygen vacancies, much less studies have been reported on the characterization of step edges, 2,3 mainly due to difficulties in investigating step edges with atomic resolution.
Ceria ͑CeO 2 ͒ holds substantial promise for solid-fuel cell technology and other catalytic applications, mainly for the production of hydrogen and oxidation of carbon monoxide. 4 Understanding of both oxygen vacancies and step structures is most relevant for optimizing the activity of CeO 2 catalysts. Oxygen vacancy defects on the CeO 2 ͑111͒ surface have been studied in detail by means of scanning tunneling microscopy 5 ͑STM͒ and dynamic scanning force microscopy ͑SFM͒ operated in the noncontact mode. 6 However, little is known about step edges on the CeO 2 ͑111͒ surface, even though STM studies on thin CeO 2 films show that step edges are the dominating nucleation sites for gold clusters deposited at submonolayer coverage, 7 underlining the importance of step edges for noble metal dispersion.
In this letter, we elucidate the structure of step edges on the CeO 2 ͑111͒ surface using SFM. Atomically resolved images of step structures reveal that the ͑111͒ surface almost exclusively exhibits steps with ͑001͒ and ͑110͒ nanofacets. Additionally, kink sites and missing oxygen atoms at step edges are identified to be the dominating defective sites at step edges. We also find that low coordinated oxygen atoms can be manipulated by the SFM tip during scanning. Our results confirm the general notion that the step formation energy on metal oxides scales with the surface energy of the extended facet.
2,3
Experiments were carried out with a modified commercial ultrahigh vacuum SFM ͑Ref. 8͒ operated at room temperature with the frequency modulation detection method, 9 keeping the cantilever oscillation amplitude constant and the tip-surface electrostatic interaction minimized. 10 We studied the surface morphology of CeO 2 single crystals ͑Commercial Crystal Laboratories͒, where the CeO 2 ͑111͒ surface was prepared in situ by repeating cycles of Ar + ion sputtering ͑1.5 kV, 4 ϫ 10 −5 mbar, 3 min͒ at room temperature with subsequent annealing of the sample for 2 min at 1225 K. Afterwards the sample was postannealed for an additional 60 min at 600 K, resulting in the formation of large terraces and smooth step edges. Tip preparation is described elsewhere. 8 A large scale topographic SFM image of the CeO 2 ͑111͒ surface is shown in Fig. 1͑a͒ . Large atomically flat terraces are separated by steps with a height of 0.31 nm corresponding to the height of a O-Ce-O triple layer ͓Fig. 1͑b͔͒. The atomic resolution image from Fig. 1͑c͒ shows the ͑1 ϫ 1͒ termination of the surface as highlighted by the model in Fig.  1͑d͒ . In previous work, we demonstrated that in SFM studies on CeO 2 ͑111͒ most likely the topmost layer of the oxygen terminated surface is imaged. 6 Edges of regular step structures in Fig. 1͑a͒ enclose an angle of 120°, resulting in the formation of the characteristic surface morphology exhibiting hexagonally shaped pits ͓Figs. 1͑a͒i and 1͑a͒ii͔ and isa͒ Electronic mail: reichling@uos.de. lands, whereas hexagonal pits again exhibit a depth corresponding to a triple layer ͓Fig. 1͑e͔͒. This is in accordance with previously reported SFM studies on bulk crystals 11, 12 and STM studies on thin CeO 2 films 13, 14 underlining the generality of this morphology for ͑111͒ orientated CeO 2 surfaces prepared under conditions of thermal equilibrium. In the following, we elucidate the origin for this characteristic surface morphology.
An atomic resolution image of a hexagonal island is shown in Fig. 2͑a͒ . A detailed view on two inclining step edges shown in Fig. 2͑a͒i reveals that step edges are running along the close packed oxygen rows in ͗110͘ directions defining the characteristic angle of 120°. In Figs. 2͑b͒ and 2͑c͒ , we assemble models of step edges running along the close packed oxygen rows. These models are constructed following a concept assuming structures with more highly coordinated atoms to be energetically more stable than those with less coordinated atoms.
2,3 For the ͑111͒ surface, O atoms in the terminating layer are threefold coordinated. Thus we expect step structures exhibiting threefold coordinated oxygen atoms at step edges to be more stable than structures having lower coordinated oxygens. Due to the threefold surface symmetry of the ͑111͒ surface, only two distinct step edges can be constructed which are terminated by threefold coordinated oxygen atoms at the step. The two constructed step edges exhibit nanofacets of ͑001͒ and ͑110͒ surface terminations, as shown in Fig. 2͑b͒ in top and profile view. Firstprinciples calculations have shown that the order of stability of the low index CeO 2 surfaces is E ͑111͒ Ͻ E ͑110͒ Ͻ E ͑001͒ . 15 Thus the constructed models agree well with the concept that the step formation energy on metal oxides scales with the surface energy of the extended facet. This concept has already been applied to explain the surface morphologies of anatase TiO 2 ͑101͒ 3 and Zn-terminated ZnO͑0001͒. 16 When constructed by this rule, steps of different types hit each other with an angle of 120°in agreement with the experimental observation. This is demonstrated in Fig. 2͑c͒ where the model resembles the atomic arrangement of the hexagonal island shown in Fig. 2͑a͒ . Within the derived model it is also straightforward to explain the structure of kink sites as the one indicated by arrow ͑1͒ in Fig. 2͑a͒ii and the missing terminating oxygen atom at one vertex of the hexagonal island indicated by arrow ͑2͒.
Following the building rule further it is straightforward to describe the structure of frequently observed hexagonal pits. In Fig. 3͑a͒ we show atomic details of such a hexagonal pit together with the corresponding structural model in Fig.  3͑b͒ . Again it is evident that the hexagonal surface structure of the CeO 2 ͑111͒ surface originates from alternating step edges exposing ͑001͒ and ͑110͒ nanofacets.
Our findings indicate that the hexagonal surface structure formation originates from thermodynamic equilibrium favoring energetically stable step edges having ͑001͒ and ͑110͒ facets. The observation of large terraces showing compact hexagonal islands and pits is attributed to an approach toward the equilibrium stage of the surface upon annealing, which is characterized by a decrease of total step length, since the ͑111͒ surface termination is the energetically most stable. 15 However under conditions of thermal equilibrium one would expect the formation of triangular surface structures, in the case that one type of step edge is thermodynamically more stable than the other. The morphology of step structures on the CaF 2 ͑111͒ surface-having the same crystallographic geometry as CeO 2 ͑111͒-has been studied with different thermal treatments. 17 After cleavage at room temperature lightning-shaped arrangements having inclination angels of steps of 45°are observed and explained by local energy minimization upon cleavage. Upon thermal annealing, the cleavage topography was found to transform into a topography with trigonal and hexagonal islands due to preferential formation of two step types of ͗110͘ orientation and finally into a surface structure consisting of trigonal islands and pits. The formation of only one step type has been attributed to further minimization of the surface energy. 17, 18 On the CeO 2 ͑111͒ surface, however, trigonal islands and pits are 073112-2 Torbrügge, Cranney, and Reichling Appl. Phys. Lett. 93, 073112 ͑2008͒ not found indicating that for the surface upon annealing in chemical equilibrium both step types presented in Fig. 2͑b͒ coexist. We suggest two different explanations for this observation. First, the interaction between closely neighboring steps of different terminations may act as a kinetic hindrance for a transformation into triangular equilibrium shape 17 at annealing temperatures applied in our experiments. Second, the step formation energies may in fact be very close together. This is supported by a statistical analysis 19 of the length ratio of ͑110͒ and ͑001͒ faceted step edges measured for hexagonal islands and pits, as shown in Figs. 1͑a͒i, 1͑a͒ii , and 3 yielding a value of ͑1.09Ϯ 0.14͒. Within the measurement accuracy this value suggests an almost equal step formation energy for both step terminations. To elucidate the two scenarios further, theoretical modeling of step structures on CeO 2 ͑111͒ is required.
Besides almost defect free step edges, as shown in Fig.  2 , more defective step structures exposing a considerable amount of low coordinated atoms at kink sites are frequently observed. Figure 4͑a͒ -4͑c͒ display a series of three consecutively recorded images of a hexagonal island structure with a high density of kink sites and missing oxygens at steps. Within the series of images it is found that step edge atoms are manipulated by the tip. The arrow in ͑c͒ indicates the removal of two atoms encircled in ͑b͒ at a kink on the lower step.
In summary, our results confirm the notion that step formation energy on metal oxides scales with the surface energy of the extended facet. 3 and that this general concept can be extended to rare-earth oxides such as CeO 2 . Our finding that step edges exposing ͑001͒ and ͑110͒ nanofacets are predominantly formed on the ͑111͒ surface has important implications for the understanding of the structure and reactivity of CeO 2 nanoparticles possessing mainly ͕111͖ surfaces. 20 For example in first-principles calculations, the adsorption of CO on the low index CeO 2 surfaces has been found to strongly depend on the surface termination resulting in a strong chemisorption on the ͑110͒ and weak physisorption on the ͑111͒ surface. 21 Thus it is suggested that the oxidation of CO via the creation of an oxygen vacancy ͑CO+O lat → CO 2 +O vac ͒ on the ͑111͒ terminated surface is predominantly taking place at step edges exposing ͑110͒ nanofacets. Furthermore, we find that low coordinated oxygen atoms at kink sites can be manipulated by the SFM tip during scanning, indicating that these atoms are more weakly bound. Upon annealing, oxygen release may preferably take place at these sites. We hope that our studies will stimulate further theoretical work of the interaction of noble metals and adsorbates with step edges on CeO 2 surfaces.
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